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The radial distribution of D0 mesons in jets probes the diffusion of charm quark relative to the jet
axis and provides a new perspective to study the interaction mechanisms between heavy quarks and
the medium in the nucleus-nucleus collisions. The in-medium parton propagations are described
by a Monte Carlo transport model which uses the next-to-leading order (NLO) plus parton shower
(PS) event generator SHERPA as input and includes elastic (collisional) and inelastic (radiative)
interaction for heavy quarks as well as light partons. At low D0 meson pT , the radial distribution
significantly shifts to larger radius indicating a strong diffusion effect which is consistent with the
recent experimental data. We demonstrate that the angular deviation of charm quarks declines
with pT and is very sensitive to the collisional more than radiative interaction at pT < 5 GeV.
As predictions, we present the D0 meson radial distribution in jets in p+p and 0 − 10% Au+Au
collisions at
√
sNN = 200 GeV at the RHIC, and also estimate the nuclear modification factor of
charm jet in central Au+Au collisions at 200 GeV at the RHIC and central Pb+Pb collisions at
5.02 TeV at the LHC.
PACS numbers: 13.87.-a; 12.38.Mh; 25.75.-q
Introduction The quark-gluon plasma (QGP) formed
in the high-energy nucleus-nucleus collisions, both at the
Relativistic Heavy Ion Collider (RHIC) and the Large
Hadron Collider (LHC), provides an arena to study the
Quantum Chromodynamics (QCD) under such extreme
hot and dense deconfined state of nuclear matter. The
strong interaction between the high-pT parton produced
in the hard scattering with the medium, referred as “jet
quenching” effect [1–22], has been extensively investi-
gated owing to its direct connection to the properties of
the QGP. Especially, owing to the large mass (MQ  T ),
the heavy flavor production is set by the initial hard scat-
tering before the QGP formed in A+A collisions while
the subsequent thermal generation in the hot and dense
medium could be negligible [23, 24]. Hence the heavy
quarks are witnesses of the entire bulk medium evolution
and strongly interact with the constituents of the QCD
matter, therefore being ideal probes to the properties of
QGP.
The experimental measurements including the nu-
clear modification factor RAA [25–27] and the azimuthal
anisotropy v2 [28–31] for charmed hadrons in both Au-
Au at the RHIC and Pb+Pb collisions at the LHC show
a strong interaction between the charm quarks and the
QGP formed in A+A collisions. A lot of theoretical cal-
culations [32–44] have been made to confront with these
measurements, which greatly improve our understanding
of the in-medium heavy quarks evolution. Heavy quarks
are believed to undergo Brownian motion at low pT due
to their large mass, and behave like light quarks at very
high pT [24, 39]. Furthermore, it’s generally assumed
that the collisional energy loss should dominate up to
pT ∼ 5MQ, and then the radiative energy loss would be-
come dominant when it goes to higher pT region where
the mass effects disappear.
The heavy-flavour jet measurements such as b-jet [45]
and bb¯ dijet [46] in Pb+Pb collisions also shed new light
on the mass dependence of jet quenching [47–51]. The re-
cent reported D0 meson radial profile in jets (D0 meson
inside the jets, denoting as D0−jet below) both in p+p
and 0 − 100% Pb+Pb collisions at √sNN = 5.02 TeV
measured by CMS collaboration [52] was regarded as a
complementary observable to the previous measurements
of heavy-flavour jets [45, 46]. Diffusion of low pT D
0 me-
son relative to a high pT jet provides a new perspective
to study the dynamical details of the heavy quarks in-
medium interaction and may act as a candidate to dis-
entangle the collisional and radiative mechanism more
than the charm quark energy loss, then help us to under-
stand how the non-perturbative interactions (collisional
process) of heavy quarks at low pT give way to the per-
turbative interaction (radiative process) at high pT . Be-
sides, the recent measured production of c-jet, which is
defined as a jet containing charm quark inside the jet
cone, both in p+p and p+A collisions [53–55] can be ex-
ploited as a baseline to address the final state in-medium
modification of charm jet production in A+A collisions.
In this work, we use the event generator SHERPA [56],
which computes the next-to-leading order (NLO) QCD
matrix elements matched with parton shower (PS), to
generate the inital parton-level c-jet events in p+p colli-
sions as input of for Monte Carlo simulation. The NLO
matrix elements are matched with the parton shower
using the MC@NLO method [57]. The NNPDF 3.0
NNLO praton distribution function (PDF) with 4-flavor
sets [58] have been chosen in the computation. The
jet reconstruction and event selection are implemented
with anti-kT algorithm [59] within FASTJET [60]. To
compare with the experimental data, the fragmenta-
tion process c(c¯) → D0 of charm quark is performed
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2based on the Peterson fragmentation functions (FFs) [61]
D(z) = N/(1−1/z−c/(1−z)), where N=1.283, c = 0.15
and z refers to the longitudinal momentum fraction car-
ried by the D0 meson, and BR(c → D0)=0.168 [62] is
used. We note that the fragmentation is the dominant
process to the charm quark hadronization at pT > 5 GeV,
hence we neglect the colesence effect [39, 63] in this study.
We have not include the hadronization effect of light par-
tons in this work. Because of the small modification on
the c-jet production observed in p+A collisions [55], we
ignore the Cold Nuclear Matter (CNM) effects in our
current study.
The selected jets which reconstructed with radius pa-
rameter ∆R =
√
(∆φ)2 + (∆η)2 = 0.3 must satisfy
pjetT > 60 GeV and |ηjet| < 1.6, where φ and η are
the azimuthal angle and the pseudorapidity of the par-
ticles. r =
√
(∆φJD)2 + (∆ηJD)2 is defined by the rel-
ative azimuthal angle ∆φJD and relative pseudorapidity
∆ηJD between the D
0 meson and the jet axis. We are
able to see that SHERPA could well describe the CMS
data [52] measured in p+p collisions both at low D0 me-
son pT (4 GeV< p
D
T < 20 GeV) and high D
0 meson pT
(pDT > 20 GeV) as shown in Fig. 1. We also note that the
shapes of 1/NJDdNJD/dr for the two p
D
T range are very
different. It is understood that, the jets containing high
pT charm quark (later fragments into D
0 meson in the
hadronization process) are more likely produced in the
initial hard scattering, and the charm quark is still near
the jet axis even though after the soft radiation, this is
to say, the power-law for the r distribution holds. As for
the low pT D
0 meson, charm quarks can be produced by
the gluon splitting (GSP) processes during the initial or
final state parton shower and unlikely lead the high pT
jets with pjetT > 60 GeV. The simulation by SHERPA is
also compared with the CMS measurement on c-jet [55]
in p+p collisions at 5.02 TeV shown in Fig. 2 indicating
that SHERPA could provide a good p+p baseline.
To implement the parton propagation in the QGP, we
treat the p+p events produced by SHERPA with vacuum
parton shower as input, and then simulate the subsequent
in-medium jet evolution. We initialize the spacial distri-
bution of production vertices via a MC glauber model
and assume that all of the partons move like the clas-
sical particle. The modified discrete Langevin equations
have been considered for the updating of the position and
momentum of heavy quarks [39, 50, 51],
~x(t+ ∆t) = ~x(t) +
~p(t)
E
∆t (1)
~p(t+ ∆t) = ~p(t)− Γ(p)~p∆t+ ~ξ(t)− ~pg (2)
where ∆t is the time step of the simulation, and Γ
the drag coefficient. ~ξ(t) is the stochastic term repre-
senting the Gaussian random kicks by the constituents
in such thermal medium, which satisfies
〈
ξi(t)ξj(t′)
〉
=
κδijδ(t−t′), where κ is the diffusion coefficient. Based on
the so called Einstein relation, the relationship between Γ
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FIG. 1: (Color online) The normalized radial distributions
of D0 meson in jets as a function of the angular distance
from the jet axis in p+p collisions at 5.02 TeV provided by
SHERPA are compared with CMS data. The jets are selected
at |ηjet| < 1.6 and with transverse momentum pjetT > 60 GeV,
the proposed pT constrain for D
0 meson are (a) 4 GeV < pT <
20 GeV and (b) pT > 20 GeV.
and κ could be expressed as κ = 2ETΓ = 2T
2
Ds
, where Ds
denoting the spacial diffusion coefficient is approxima-
tively fixed at 2piTDs = 4 in our simulations according
to the Lattice QCD calculation [64]. The last term in
Eq.(2) represents the modification due to the medium-
induced gluon radiation which is sampled based on the
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FIG. 2: (Color online) The c-jet cross section versus c-jet
transverse momentum in p+p collisions at 5.02 TeV with R =
0.3 and |ηjet| < 2.0 and compared with CMS data [55].
higher-twist spectra [65–68]:
dN
dxdk2⊥dt
=
2αsCsP (x)qˆ
pik4⊥
sin2(
t− ti
2τf
)(
k2⊥
k2⊥ + x2M2
)4
(3)
where x and k⊥ are the energy fraction and transverse
momentum of the radiated gluon, the last quadruplicate
term represents the mass effect of heavy quarks. Cs is
the quadratic Casimir in color representation, and P (x)
the splitting function in vacuum [69], τf = 2Ex(1 −
x)/(k2⊥+x
2M2) the gluon formation time. qˆ ∝ q0(T/T0)3
is the jet transport parameter [70], where T0 is the high-
est temperature in the most central A+A collisions, and
q0 = 1.2 GeV
2/fm is determined by a global extraction of
the single hadron production in Pb+Pb collisions at the
LHC energy (q0 = 0.5 GeV
2/fm in Au+Au at the RHIC
energy) [71]. This spectra has also been used to simulate
the radiative energy loss of light quarks and gluon. In
addition, the Hard Thermal Loop calculations [72] have
been considered for the collisional energy loss of light
partons in our work. The background hydrodynamic pro-
file of the expanding bulk QGP medium is provided by
the smooth iEBE-VISHNU hydro code [73]. The par-
ton evolution stops when the local temperature is under
Tc = 165 MeV.
In Fig 3, we show our calculated results of the D0 me-
son radial distribution in jets in the 0 − 100% Pb+Pb
collisions at
√
sNN = 5.02 TeV and find that our re-
sults can provide quite decent descriptions on the CMS
data [52]. At low D0 meson pT (4 − 20 GeV), a visible
shift towards large r is found in the normalized distribu-
tion 1NJD
dNJD
dr in Pb+Pb collisions relative to the p+p
baseline. Whereas, for high pT D
0 mesons, no signifi-
cant modification is observed for the D0-jet correlation
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FIG. 3: (Color online) Radial distributions of D0 meson in
jets at (a) 4 GeV < pDT < 20 GeV and (b) p
D
T > 20 GeV both
for p+p and Pb+Pb are compared to the CMS data [52].
in the Pb+Pb collisions. It indicates that the low pT D
0
mesons are obviously farther away from the jet axis due
to the in-medium interaction in Pb+Pb collisions. To
make a quantitative description of this effect, the ratio
of the radial distribution of D0 meson in jets of Pb+Pb
to p+p has also been estimated in Fig. 4. The ratios in-
crease with r and the magnitude are well consistent with
the CMS measurement both for low pT and high pT D
0
mesons.
The diffusion of charm quarks in the hot and dense
QGP medium results from the joint effect of elastic and
inelastic processes. In our framework, the Langevin
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FIG. 4: (Color online) Ratios of the radial distribution of D0
meson in jets of Pb+Pb to p+p in the two pT range: (a)
4 GeV < pDT < 20 GeV and (b) p
D
T > 20 GeV are compared
with the CMS data [52].
mechanism (Brownian motion) and induced gluon radi-
ation describe the elastic and inelastic interaction be-
tween the charm quarks and the constituents of the QGP
medium respectively. On the one hand, the stochastic
term ~ξ in Eq.(2) representing the elastic collisions is the
main source of the charm quark diffusion at not very large
pT within Langevin mechanism. A mass of random kicks
from medium cause the spacial diffusion and also change
the moving direction of charm quarks, and subsequently
the charm quarks near the jet axis will diffuse to larger
r. On the other hand, the last term −~pg in Eq.(2) de-
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FIG. 5: (Color online) The ratio of D0 meson radial distribu-
tion in jets of 0− 10% Pb+Pb to p+p, when only collisional
interaction considered(green dotted line), only radiative pro-
cess considered(red dashed line), and both of them consid-
ered(blue line) for charm quarks.
notes the recoil momentum of charm quarks caused by
the medium-induced gluon radiation. Due to its signif-
icant contribution to the charm quark energy loss, this
radiative process would also play an important role in
the charm diffusion in the QGP medium.
To estimate the net effect from collisional process and
radiative process, we show the radial distribution mod-
ification of D0 meson in jets in Pb+Pb collisions result
from different mechanism in Fig. 5. We find that both of
collisional and radiative mechanisms play important role
in the diffusion of charm quark inside the jets, but the
effect from latter is more pronounced. We also note that
the collisional process shifts this distribution to moderate
r (0.1− 0.25), but has little effect at the region r ∼ 0.3,
shows a quite different behavior as compared to the ra-
diative process which strongly enhances the distribution
even to the boundary of the jet. We can make sense as
following: elastic collisions diffuse the charm quarks clos-
ing to the jet axis to larger radius inside the jet cone, but
the stronger effect from inelastic collisions diffuse them
even to outside of the jets.
To further study the diffusion effects result from the
collisional and radiative interaction in the QGP, we de-
fine ∆r =
√
(φc − φc0)2 + (ηc − ηc0)2 to quantify the an-
gular deviation of charm quark from its original moving
direction during the propagation in medium, where φc0
and ηc0 are the initial azimuthal angle and initial pseudo-
rapidity of charm quarks. We show in Fig. 6 (a) the ∆r as
a function of the initial transverse momentum of charm
quark. At very low pT (0-5 GeV), we observe a large
∆r which is dominant by collisional process. As pT goes
higher, the diffusion effect due to elastic collision falls
quickly and then below that due to the radiation when
5pT > 5 GeV and also the total effects fall with increasing
pT . The pT dependence of the charm angular deviation
explains the different modification between low and high
pDT range in the CMS measurement [52], and it also in-
dicates that the low pT D
0 meson in jets may act as a
new sensitive probe to the disentangling of collisional and
radiative mechanisms when the future precise measure-
ments are available. Even though the angular deviation
caused by radiation is also small at high D0 meson pT , a
none-zero ∆r due to radiation still exists and dominates
the total diffusion effect even at pT ∼ 50 GeV. Beyond
that, to estimate the diffusion strength per unit energy
loss in the two mechanisms, the ratios of angular devi-
ation to the energy loss as a function of D meson pT
are shown in Fig. 6 (b). Distinctly, the ratios ∆r/∆E
decline rapidly due to the increasing energy loss when
pT increases. However, The ∆r/∆E of collisional inter-
action is much larger than that of radiative mechanism
especially at pT < 5 GeV. In addition to this, we discover
that the ∆r/∆E of radiative mechanism is not sensitive
to the variance of q0, which controls the strength of in-
medium gluon radiation, because that ∆r and ∆E are
all proportional to qˆ as implied in the Eq.(3), which is in
contrast with the collisional mechanism. The differences
in the angular deviation between these two mechanisms
may be helpful to disentangle the collisional and radiative
contribution for heavy quarks in-medium interaction.
We also present the prediction on the radial distribu-
tion of the D0 meson in jets in p+p and central 0− 10%
Au+Au collisions at the RHIC energy shown in Fig 7.
Using the same configuration in the jet reconstruction
as above, we can also observe a visible modification of
D0 radial distribution in jets in 0 − 10% Au+Au colli-
sions at 200 GeV, but it seems weaker than that in the
0 − 10% Pb+Pb collisions at 5.02 TeV shown in Fig 5.
This mainly due to the fact that both κ and qˆ which
control the collisional and radiative strength are all pro-
portional to the T 3, hence the diffusion effects of charm
quarks strongly dependent on the local temperature of
the formed medium during their propagation.
For completeness, we also give predictions on the nu-
clear modification of c-jet production. Shown in Fig 8, we
calculate the differential cross section of c-jet as a func-
tion of pT in p+p and A+A collisions both at the RHIC
and the LHC energy respectively, as well as the predicted
nuclear modification factor RAA of c-jet (RAA of D-jet is
very close to that of c-jet). In 0− 10% Au+Au collisions
at 200 GeV, the RAA ∼ 0.4 shows a weak dependence on
c-jet pT . At the Pb+Pb collisions at 5.02 TeV, the RAA
varies from 0.4 to 0.6 with increasing pT at 50−400 GeV.
Summary — In summary, we study the charm diffu-
sion effects, which differ from the perspective of heavy
quarks energy loss, on the D0-jet angular correlations
within a Monte Carlo simulation method. Our simulated
results can provide a quite decent description on the ex-
perimental data within the uncertainty both in p+p and
Pb+Pb collisions. We estimate the net effect on the
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FIG. 6: (Color online) (a) Angular deviation of charm quark
relative to it’s initial direction versus transverse momentum,
the net effect from collisional process (red) and radiative pro-
cess (blue) as well as the total (black) are shown. (b) Com-
parison of the ratio of angular deviation to energy loss as
a function of transverse momentum, both for collisional and
radiative, are shown with different parameters.
charm diffusion from collisional and radiative mechanism
and demonstrate the pT dependence of this diffusion ef-
fect. We find that collisional process has significant ef-
fects at low pT , especially dominates at 0 − 5 GeV, and
the radiative process has a non-zero effect even at high
pT ∼ 50 GeV. The total diffusion effect decreases with
D0 meson pT which explains the significant modification
at lowD0 meson pT measured in experiment. Besides, for
unit energy loss, the collisional interaction shows much
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FIG. 7: (Color online) The normalized radial distribution of
D0 meson in jets in p+p and 0 − 10% Au+Au collisions at√
sNN = 200 GeV as well as the ratio of Au+Au to p+p.
stronger angular deviation than radiative interaction at
pT < 5 GeV. The strong diffusion effects of low pT charm
quarks relative to jets may act as a sensitive probe to the
distinction between collisional and radiative interaction,
and the prospective measurements would provide more
precise estimations on the heavy quarks diffusion coeffi-
cient and also give additional constrains for the current
theoretical models on heavy quark energy loss. As our
theoretical predictions, we present the D0 meson radial
distribution in jets in p+p and 0−10% Au+Au collisions
at
√
sNN = 200 GeV at the RHIC, a visible modification
is observed in our results. We also estimate the nuclear
modification factor for charm jet in 0− 10% Au+Au col-
lisions at
√
sNN = 200 GeV at the RHIC and 0 − 10%
Pb+Pb collisions at
√
sNN = 5.02 TeV at the LHC as
predictions for the future measurements.
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